Type III polyketide synthases (PKS) generate an array of natural products by condensing multiple acetyl units derived from malonyl-CoA to thioester-linked starter molecules covalently bound in the PKS active site. One strategy adopted by Nature for increasing the functional diversity of these biosynthetic enzymes involves modifying polyketide assembly by altering the preference for starter molecules. Chalcone synthase (CHS) is a ubiquitous plant PKS and the first type III PKS described functionally and structurally. Guided by the three-dimensional structure of CHS, Phe-215 and Phe-265, which are situated at the active site entrance, were targeted for site-directed mutagenesis to diversify CHS activity. The resulting mutants were screened against a panel of aliphatic and aromatic CoA-linked starter molecules to evaluate the degree of starter molecule specificity in CHS. Although wild-type CHS accepts a number of natural CoA thioesters, it does not use N-methylanthraniloyl-CoA as a substrate. Substitution of Phe-215 by serine yields a CHS mutant that preferentially accepts this CoA-thioester substrate to generate a novel alkaloid, namely N-methylanthraniloyltriacetic acid lactone. These results demonstrate that a point mutation in CHS dramatically shifts the molecular selectivity of this enzyme. This structure-based approach to metabolic redesign represents an initial step toward tailoring the biosynthetic activity of plant type III PKS.
P
lant anthocyanin floral pigments, anti-microbial phytoalexins, and regulators of Rhizobium nodulation genes derive from polyketides formed by the condensation of multiple acetyl units to a specific starter molecule (1) . Chalcone synthase (CHS, EC 2.3.1.74) and other type III polyketide synthases (PKS), including acridone synthase (ACS), catalyze the formation of enzyme-bound polyketide intermediates that undergo regiospecific cyclization reactions yielding unique products (2) . CHS uses p-coumaroyl-CoA as a starter molecule and three malonylCoAs to form a tetraketide intermediate that undergoes cyclization to 4,2Ј,4Ј,6Ј-tetrahydroxychalcone (chalcone), whereas, ACS uses N-methylanthraniloyl-CoA as a starter molecule together with three malonyl-CoAs to produce 1,3-dihydroxy-Nmethylacridone (acridone; Fig. 1A ). Unlike the larger 6-deoxyerythronolide and actinorhodin PKS of bacterial origin (3), the type III PKS are homodimeric enzymes that orchestrate a series of acyltransferase, decarboxylation, condensation, cyclization, and aromatization reactions at two functionally independent active sites (4). Crystallographic and protein engineering studies on Medicago sativa (alfalfa) CHS2 and Gerbera hybrida 2-pyrone synthase demonstrate that the structure of the type III PKS active site dictates starter molecule preference, polyketide chainlength, and regio-specificity of polyketide cyclization (5) (6) (7) . This architecturally simple molecular organization forms an attractive three-dimensional scaffold both for understanding the structural basis for rapid diversification of biosynthetic activities in plants and for guiding structure-assisted engineering experiments aimed at altering the biosynthetic activities of these PKS (8, 9) .
The catalytic residues of CHS sit at the intersection of the CoA binding tunnel and a large internal cavity that accommodates the growing polyketide chain (ref. 5 ; Fig. 1B ). Mechanistic and crystallographic studies confirm the importance of Cys-164 as the polyketide attachment site and His-303 and Asn-336 as key catalytic residues during decarboxylation of malonyl-CoA and polyketide chain extension (10) (11) (12) . Conservation of these residues among all type III PKS implies that these enzymes use a core set of reactions for starter molecule loading, malonyl-CoA decarboxylation, and polyketide chain elongation (11, 13) .
In vitro, CHS accepts disparate CoA starter molecules, including aromatic and aliphatic CoA-thioesters of different lengths (14) (15) (16) (17) (18) . A tunnel extending from the exterior of CHS to an interior cavity provides access to the buried catalytic residues. Two phenylalanines (Phe-215 and Phe-265) sit at the juncture of the CoA binding tunnel and the entrance to the active site (Fig.  1B) . Phe-215 is conserved in all type III PKS except for benzalacetone synthase, which has a leucine at this position and catalyzes the condensation of a single acetate unit to pcoumaroyl-CoA (19) . Given the different starter molecule preferences of type III PKS, the identity of residue 215 in PKS sequences does not appear at first glance to influence starter molecule selection. On the other hand, residue 265 is a phenylalanine in CHS and almost all type III PKS, but is valine in both ACS isoforms from Ruta graveolens (20, 21) . This difference in CHS and ACS suggests that Phe-265 may play a role in determining starter molecule specificity.
Here, we examine the role of these two phenylalanines on starter molecule selectivity. Contrary to our expectations, the F265V mutant does not alter selectivity for starter molecules whereas the F215S mutant of CHS preferentially uses Nmethylanthraniloyl-CoA as a starter molecule to yield a tetraketide lactone. To date, this natural variant has not been reported. Structural analysis of the F215S mutant suggests that widening the active site entrance allows the productive binding of the shorter and bulkier N-methylanthraniloyl-CoA. The success of this structure-guided approach indicates that specific point mutations selected for proximity to the PKS catalytic machinery can expand the biosynthetic repertoire of type III PKS. This initial step toward tailoring the biosynthetic activity of CHS suggests that further modification of polyketide assembly may be achieved through either rational mutagenesis or directed randomization of residues on or near the catalytic cavity. ACS2 cDNA was provided by R. Lukacin (Philipps-Universität, Marburg, Germany). ACS was PCR-amplified from the ACS2-pTZ19R vector (20) and subcloned into the pHIS8 expression vector (11) . All recombinant proteins were expressed in Escherichia coli BL21 (DE3) and purified to homogeneity as previously described (11) . Synthesis of p-coumaroyl-CoA, mcoumaroyl-CoA, o-coumaroyl-CoA, 3-phenylpropionyl-CoA, cinnamoyl-CoA, 4-methylcinnamoyl-CoA, feruloyl-CoA, and Nmethylanthraniloyl-CoA used the method of Stoeckigt and Zenk (22) . Electrospray mass spectrometry confirmed the identity of the reaction products.
Enzyme Assays. Standard assay conditions for screening were 100 mM potassium phosphate (pH 7.0), 30 M [2-14 C]malonyl-CoA (50,000 cpm), and 15 M starter CoA in a 100-l reaction volume at 25°C. Reactions were quenched with 5% (vol͞vol) acetic acid and extracted with ethyl acetate. Steady-state kinetic constants were determined from initial velocity measurements (11) . Inhibition of wild-type CHS and the F265V mutant was investigated by using the standard assay system with increasing concentrations of N-methylanthraniloyl-CoA (0-162 M).
Liquid-Chromatography Coupled Mass-Spectrometry (LC͞MS͞MS)
Product Analysis. Assays (5-ml reaction volume; 100 g protein) were performed under standard conditions with 50 M starterCoA and 120 M malonyl-CoA. Reactions were quenched with 5% (vol͞vol) acetic acid and extracted with ethyl acetate. Product analysis was performed in the mass spectrometry facility of the Scripps Research Institute. Extracts were analyzed on a Hewlett-Packard HP1100 MSD single quadrupole mass spectrometer coupled to a TSK-Gel ODS-80TS (TosoHaas, Montgomeryville, PA) column (5 m, 4.6 mm ϫ 150 mm). HPLC conditions were as follows: gradient from 30 to 70% (vol͞vol) methanol both in 0.2% (vol͞vol) acetic acid over 30 min; flow rate 0.8 ml⅐min
Ϫ1
. See Supporting Text (which is published as supporting information on the PNAS web site, www.pnas.org) for fragmentation data. ACS major product with N-methylan- (23) . The structure of the F215S mutant was determined by the difference Fourier method with REFMAC (24) . The starting model was wild-type CHS minus the side-chain of Phe-215. Inspection of the electron density maps and model building were performed with O (25) . Water molecules were introduced with Automated Refinement Procedure (ARP; ref. 26) . Refinement converged to the R factors shown in Table 1 .
Results
Functional Screen of CHS Starter Molecule Specificity. We first identified a CoA-thioester not used by the wild-type enzyme as a substrate. By screening a panel of sixteen aromatic and aliphatic CoA-thioesters, we qualitatively and quantitatively examined the substrate tolerance of wild-type CHS and showed that N-methylanthraniloyl-CoA was the only CoA-thioester not accepted as a starter ( Fig. 2A) . Analysis by LC͞MS͞MS verified that reactions with p-coumaroyl-CoA, m-coumaroyl-CoA, ocoumaroyl-CoA, and cinnamoyl-CoA yield the corresponding flavanones after spontaneous cyclization of the chalcones produced by CHS. The major product of the 3-phenylpropionylCoA reaction is a chalcone-like compound lacking the ␣,␤-unsaturated double bond. Use of 4-methylcinnamoyl-CoA produces a triketide styrylpyrone. With feruloyl-CoA, benzoylCoA, phenylacetyl-CoA, and aliphatic CoA-thioesters, CHS generates tetraketide and triketide lactones (7, 17) . The k cat ͞K m values for different starter molecules confirm that alfalfa CHS2 prefers cinnamoyl-derived CoAs and aliphatic CoAs of 6-8 carbons (Table 2 ). In the presence of N-methylanthraniloylCoA, CHS produces methylpyrone solely from malonyl-CoA (6), as confirmed by LC͞MS͞MS (see supporting information). UV͞Vis spectroscopy did not indicate the presence of the N-methylanthraniloyl-group in the product (not shown). Overnight incubation of wild-type CHS (100 g) also did not yield a product incorporating the N-methylanthraniloyl-CoA starter molecule. Given the detection limit of the assay (Ϸ5 pmol radiolabeled product), any potential activity of CHS with this CoA-thioester would be 10 5 -fold less than that with p-coumaroylCoA.
Functional Screen for Starter Molecule Specificity of the F265V and F215S
Mutants. Based on sequence comparison with ACS, we predicted that the F265V mutant would accept N-methylanthraniloyl-CoA as a starter molecule. Conversely, because Phe-215 is conserved in nearly all type III PKS, even those with starter molecule specificity that differs from CHS, we predicted that mutation of this residue would not alter starter choice. Therefore, we chose a previously generated mutation of Phe-215 (F215S; ref. 11) as a starting point for comparative examination of substrate selectivity.
Unexpectedly, the F265V mutant accepted each CoAthioester tested except N-methylanthraniloyl-CoA and yielded a product profile similar to wild-type CHS (Fig. 2B) . Substitution of a valine for Phe-265 causes 2-to 3-fold changes in k cat ͞K m for most of the CoAs tested, although the k cat ͞K m values for o-coumaroyl-CoA and cinnamoyl-CoA were 5-to 10-fold lower, respectively ( Table 2) . As with wild-type CHS, overnight incubations with the F265V mutant did not yield any Nmethylanthraniloyl-CoA-derived products.
Surprisingly, replacement of Phe-215 with a serine, which lowers the malonyl-CoA decarboxylation activity of CHS (11), does alter starter molecule specificity ( Fig. 2C and Table 2 ). With p-coumaroyl-CoA, the F215S mutant exhibits a 170-fold reduction in k cat ͞K m compared with wild-type CHS and forms pcoumaroyltriacetic acid lactone as the major tetraketide product instead of chalcone. Other cinnamoyl-derived CoA-thioesters are poor starter molecules for the F215S mutant. This mutant also accepts benzoyl-CoA, phenylacetyl-CoA, and 5-8 carbon length aliphatic CoA-thioesters with 1-3% the catalytic efficiency of wild-type CHS. Most notably, the F215S mutant employs N-methylanthraniloyl-CoA as a starter molecule to generate a product not observed with either wild-type CHS, the F265V mutant, or wild-type ACS. Omission of N-methylanthraniloyl-CoA from the assay mixture with CHS F215S yielded no detectable reaction products.
Activity Comparison of ACS and the CHS F215S Mutant.
For comparison to the CHS F215S mutant, R. graveolens ACS2 was screened against the sixteen CoAs (Fig. 2D) . ACS produces acridone from N-methylanthraniloyl-CoA and three malonyl-CoAs via a Claisen-condensation with k cat and K m values (Table 2 ) similar to those reported elsewhere (20, 21, 27) . LC͞MS͞MS analysis (Fig. 3A) confirms that acridone ( max ϭ 394 nm) is the major reaction product of ACS with the observed fragmentation pattern matching literature values (28). 3-Phenylpropionyl-CoA, phenylacetyl-CoA, benzoyl-CoA, hexanoyl-CoA, heptanoylCoA, and octanoyl-CoA are efficient starter molecules for ACS, with k cat ͞K m values better than that of the physiological substrate, but short aliphatic CoA-thioesters and the cinnamoylderived aromatic CoA-thioesters are poor starter molecules ( Table 2 ). For example, the catalytic efficiency of ACS with p-coumaroyl-CoA is 700-fold lower than that of CHS with the same substrate. The 20-fold k cat ͞K m preference of ACS for N-methylanthraniloyl-CoA over p-coumaroyl-CoA mirrors the reported specific activities of the enzyme (20, 21) .
Kinetic characterization of the CHS F215S mutant demonstrates that it accepts N-methylanthraniloyl-CoA with a k cat ͞K m comparable to that of ACS ( Table 2) . Comparison of the catalytic efficiencies of the F215S mutant for N-methylanthraniloyl-CoA and p-coumaroyl-CoA shows a 6-fold preference for the ACS starter molecule. Benzoyl-CoA, phenylacetyl-CoA, and aliphatic CoAs longer than five carbons are slightly less efficient starter molecules than N-methylanthraniloyl-CoA. LC͞MS͞MS analysis of the N-methylanthraniloyl-CoA reaction with the F215S mutant indicates that the major product ( max ϭ 392 nm) corresponds to N-methylanthraniloyltriacetic acid lactone (Fig.  3B) . Thus, although the F215S mutant accepts a new starter molecule of natural origin, the regio-specific Claisen cyclization reaction that ultimately leads to acridone formation does not occur in this mutant.
To evaluate the possibility that wild-type CHS and the F265V mutant bind N-methylanthraniloyl-CoA in a catalytically unproductive manner, the enzymatic activity of CHS and the F265V mutant were determined in the presence of increasing concentrations of N-methylanthraniloyl-CoA. N-methylanthraniloylCoA inhibited chalcone formation of wild-type CHS and the F265V mutant with IC 50 values of 22.5 Ϯ 0.3 M and 3.8 Ϯ 0.5 M, respectively, demonstrating that this CoA-thioester binds unproductively to both wild-type CHS and the F265V mutant.
Structural Analysis of the F215S Mutant. The ability of the F215S mutant, but not wild-type CHS, to use N-methylanthraniloylCoA as a starter molecule suggested that the three-dimensional structure of the F215S mutant might provide a structural explanation for the observed difference in substrate selectivity. The x-ray crystal structure of the mutant confirms that the overall three-dimensional structure resembles wild-type CHS (0.17 Å rms deviation of the C ␣ -atoms). Within the active site cavity, the catalytic residues (Cys-164, His-303, and Asn-336) maintain nearly identical positions as in the wild-type structure (Fig. 4A) . The F215S mutant structure confirms a serine substitution at position 215 and shows the serine side-chain in two distinct conformations. In one rotamer, the C ␤ carbon and the terminal hydroxyl group of Ser-215 are isosteric with the side-chain C ␤ and C ␥ carbons of Phe-215 in the wild-type CHS structure. In the second rotamer, the serine hydroxyl group rotates nearly 180 o away and now forms a hydrogen bond (2.7 Å) with the backbone carbonyl oxygen of Gly-211. In this later conformation, the hydrogen bond linking the coumaroyl-derived portion of chal- cone with CHS would be interrupted (5) . Sterically, in both conformations, introduction of a serine at position 215 widens the entrance to the active site by 4-5 Å and positions a new hydrogen bond donor-acceptor moiety near the catalytic machinery (Fig. 4A ). Attempts to determine the structure of either wild-type or mutant CHS with a starter molecule bound have thus far proved unsuccessful. Therefore, we undertook a modeling approach to explain the functional results with the F215S mutant.
The structures of CHS complexed with CoA, acetyl-CoA, and hexanoyl-CoA define the overall placement of CoA in the enzyme (5, 11) . Because Cys-164 is the catalytic nucleophile required for tethering of the starter group and the growing polyketide chain, the CoA-thioester carbonyl carbon must be accessible to the cysteine S ␥ . Interaction between the thioester carbonyl oxygen and the side-chain of Asn-336 and the sidechain of His-303 facilitates substrate binding and stabilizes the transition state during nucleophilic attack of Cys-164 on the thioester carbonyl (5, 11, 12) . With these constraints, we modeled the binding of N-methylanthraniloyl-CoA to both the F215S mutant and wild-type CHS and the binding of p-coumaroyl-CoA to wild-type CHS (Fig. 4) .
Comparison of the three-dimensional structures of both CHS and the F215S mutant with N-methylanthraniloyl-CoA modeled at the active site entrance suggest a structural basis for altered starter molecule specificity. Substitution of a serine for Phe-215 opens a space at the cavity entrance to accommodate the methylamine moiety of N-methylanthraniloyl-CoA and allows for positioning of the thioester carbonyl moiety next to Cys-164, His-303, and Asn-336 (Fig. 4A) . Widening of the active site entrance in the F215S mutant also provides space for narrower CoA-thioesters to sample alternate orientations at the catalytic site that impair loading of these starter molecules, thus negatively impacting substrate selectivity.
The serine hydroxyl group at position 215 may also provide a hydrogen bond to the methylamine moiety of the starter molecule to ensure proper positioning of the starter molecule. To test this possibility, we generated the CHS F215A mutant. The product profile of this mutant with p-coumaroyl-CoA and Nmethylanthraniloyl-CoA is identical to that of the F215S mutant (not shown). The F215A mutant also exhibits a 7-fold increase in K m for N-methylanthraniloyl-CoA (k cat ϭ 0.10 min
), supporting the possibility of an enzyme-substrate hydrogen bond and resultant catalytic improvement in the F215S mutant.
In wild-type CHS, Phe-215 prevents the N-methylanthraniloyl moiety from adopting the same conformation (Fig. 4B) . Steric interference between the N-methylanthraniloyl group and Phe-215 results from both the expanded width and the shorter length of the N-methylanthraniloyl moiety that places the starter molecule directly between Phe-215 and Phe-265. Considering that CHS accepts benzoyl-CoA as a substrate, the methylamine group of N-methylanthraniloyl-CoA appears crucial in preventing binding in a catalytically productive manner. With p-coumaroylCoA (Fig. 4C) , the longer propanoid linker positions the coumaroyl ring deeper in the active site cavity behind the two phenylalanines. Phe-215 thus steers the rotation of the thioester carbonyl into an optimal position for nucleophilic attack by Cys-164.
Discussion
The three-dimensional structure of alfalfa CHS2 and sequences of diverse plant type III PKS suggested that the identity of residues at the juncture of the active site and the CoA binding tunnel influence substrate and product specificity. As gatekeepers to the active site of CHS, Phe-215 and Phe-265 offered attractive targets for structure-guided enzyme engineering studies. The results reported here show that mutation of Phe-265 to the valine found in ACS does not alter the starter molecule preference of alfalfa CHS2. Unexpectedly, the F215S CHS mutant, which is not a naturally occurring type III PKS variation, accepts N-methylanthraniloyl-CoA as a substrate but yields a novel alkaloid, namely N-methylanthraniloyltriacetic acid lactone, instead of the naturally occurring acridone. Comparison of the three-dimensional structures of wild-type CHS and the F215S mutant suggests that substitution of a serine for Phe-215 allows for productive binding of N-methylanthraniloyl-CoA by allowing the bulkier starter molecule to reside in the wider active site entrance.
Aromatic CoA-thioesters smaller than p-coumaroyl-CoA, such as benzoyl-CoA and phenylacetyl-CoA, can efficiently access the CHS active site. In contrast, N-methylanthraniloylCoA projects a methylamine substituent at the ortho ring position causing steric hindrance with Phe-215 or Phe-265. Thus, the active site architecture of CHS filters out certain CoA-thioesters as potential starter molecules. A similar use of size-exclusion for selection of starter molecules occurs in 2-pyrone synthase, where three amino acid differences from CHS constrict the active site entrance and reduce the volume of the internal cavity (6). In 2-pyrone synthase, p-coumaroyl-CoA is excluded whereas acetyl-CoA or benzoyl-CoA initiate polyketide chain extension, which is limited to two instead of three acetyl additions (29) .
Although this model accounts for how N-methylanthraniloylCoA binds at the F215S active site, it does not explain why this CHS mutant does not form acridone or how ACS effectively catalyzes acridone formation. Characterization of the reaction product generated by the F215S mutant with N-methylanthraniloyl-CoA and malonyl-CoA demonstrates that this mutant forms a tetraketide reaction intermediate identical to that required for acridone production by ACS. However, the regiospecific Claisen condensation reaction that occurs during acridone formation does not proceed in the F215S mutant. This observation indicates that the conformation of the tetraketide intermediate differs from that found in either the CHS or ACS active site. Recent experiments demonstrate that mutations of residues lining the active site cavity or use of unnatural starter molecules result in production of polyketide lactones by type III PKS (7, (16) (17) (18) 30) . Because the overall three-dimensional folds of CHS and the F215S mutant are identical, the structural differences between the N-methylanthraniloyl-and the pcoumaroyl-moieties of the tetraketide likely alter how the starter molecule fits within the active site. In turn, this difference in starter molecule binding changes the orientation of the extended polyketide and prevents adoption of the conformation leading to the regio-specific Claisen condensation reaction. Our results indicate that further mutations in the CHS F215S active site cavity are required to successfully manipulate the cyclization reaction.
The failure of the F265V mutant to modify the starter molecule specificity of alfalfa CHS2 is striking in light of recently published work describing the transformation of R. graveolens ACS2 into a CHS (31) . By using ACS, which displays 10% CHS activity, as the starting enzyme, replacement of Val-265 with a phenylalanine yielded a mutant enzyme exhibiting equal ACS and CHS activities with a 4-fold reduction in overall catalytic activity. The V265F mutation and two additional substitutions of residues lining the active site cavity convert ACS to a functional CHS with 10% ACS activity remaining. Lukacin et al. (31) note ''conversion of ACS to CHS appears easier than the opposite, because CHSs including the one from Ruta, do not show any ACS side activity.'' Our results reinforce this statement. In addition, examination of a CHS F215S͞F265V mutant failed to result in acridone formation, although this mutant produces the same product as the F215S mutant. Even though Nmethylanthraniloyl-CoA binds unproductively to the F265V mutant, substitution of a valine for Phe-265 does not introduce any detectable ACS activity in CHS. Valine retains sufficient steric bulk to allow other starter molecules access to the CHS active site without altering substrate specificity. Without structural knowledge of ACS, the molecular determinants governing the observed differences between CHS and ACS remain unclear. Additional steric differences in the ACS cavity, possibly mediated by second tier interactions, may modulate starter molecule binding and polyketide folding, and warrant structural examination.
Earlier studies on stilbene synthase showed that naturally occurring mutations subtly alter substrate specificity (pcoumaroyl-CoA vs. cinnamoyl-CoA) while preserving the regiochemistry of the cyclization reaction (32, 33) . Clearly, introduction of mutations not found in nature can cause unexpected changes in the activity of these PKS. As demonstrated, the CHS F215S mutant represents an alternative solution to that of ACS for accepting N-methylanthraniloyl-CoA as a starter molecule, but differs in the cyclization of the tetraketide intermediate. This outcome fits the model for evolution of CHS-like enzymes in which the enzymatic activities of the plant-specific type III PKS evolved independently from CHS at different times in various organisms, with each enzyme exhibiting a unique activity (34) .
With further experimentation, redesign of the type III PKS scaffold could yield new products or generate compounds usable as substrates for other enzymes involved in secondary metabolism in vivo. Ultimately, efforts to produce type III PKS with novel properties, for example, in the biosynthesis of phytoalexins with new pathogen-defense activity or the production of anthocyanin pigments of different shades coupled with metabolic engineering, may supply novel metabolites for new plant natural products.
